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that systematically register more detailed crash location information. Ultimately, 12 police zones were able to 1 provide the requested data. This approach resulted in a convenience sample of signalized intersection locations. 2
The crashes occurred in the period [2007] [2008] [2009] [2010] [2011] . Crash data were available for each year and for every 3 sampled signalized intersection in this entire period. In total, 1344 crash reports containing injury and property-4 damage-only crashes were obtained. These police reports provided basic (such as time, place of occurrence, 5 weather/light conditions) and detailed (such as crash type and location) information about the registered crashes. 6
The detailed crash information, in the form of collision diagrams, was used to develop crash types. A collision 7
diagram is a schematic representation of all crashes that occurred at a given signalized intersection or other 8 location over a specific period (3). This diagram indicates the dominant crash types at a signalized intersection 9 and the maneuvers that led to these crashes while providing detailed information about the crash location at the 10 intersection. 11 12
Intersection Design and Usage Data 13
Crash data only are not sufficient to provide insights in the crash patterns at signalized intersections. It is also 14 important to know the crash location in terms of roadway and traffic data in order to gain a full understanding of 15 the traffic safety situation. These factors may affect the crash occurrence. Roadway data aid in detecting the 16 physical and use characteristics of the location which may have contributed to the crash occurrence or severity 17 while traffic volume data are used to control for use intensity of the location (25) . 18 Based on a literature review (6, 26, 27) , the most relevant signalized intersection characteristics were 19 selected as they appear from previous crash prediction model studies. They include the number of arms, the 20 presence of exclusive turn lanes, the number of lanes, built-up area, the type of bicycle infrastructure, the 21 presence of a median, the speed limit, the signal phasing, crossings for vulnerable road users, the presence of a 22 bypass and red light camera. Traffic volume data were available for 54 of 87 sampled signalized intersections. 23 The traffic volumes in the data are expressed in AADT (annual average daily traffic). No data were available for 24 exposure by type of road user and the actual driving speeds at the signalized intersection. A detailed description 25 of intersection characteristics is provided in table 1.  26  27 Signalized Intersection Segments 28
The detailed crash location was included by dividing the signalized intersections into different typical segments, 29 according to previously established knowledge on the crash occurrence and road user behavior at signalized 30 intersections (5- 7, 13, 20) . Figure 1 is a representation of a typical signalized intersection. The segments were defined in such a way that 1 the variety of real-world designs is represented by the figure and meaningful analyses based on the defined 2 standard segments are possible. To capture all possible designs, a sort of 'maximal design' was used, 3 representing a typical signalized intersection lay-out with some extra features that are not necessarily always 4 present. For example, a bypass lane was added in order to include also crashes that happen on bypass lanes at 5 certain intersections. This means that only crashes at segments 11-13 must be registered in case of a signalized 6 intersection with such a bypass lane. The same applies for the cycle facilities (cycle paths and cycle crossings): 7 pedestrian or bicyclist crossings at real-world intersections occur in different varieties. This means that, whereas 8 the figure is representing an adjacent cycle path, the real distance between the cycle facility and the roadway 9 may vary between 0-10 meter and grade-separated. This principle applies also to the number of lanes and the 10 number of intersection legs. 11 12
Crash Location Typology 13 A crash typology was created to assign the crashes to the segments in figure 1 . This typology is based on the 14 crash typology of Massie, Campbell & Blower (28) who identified different crash scenarios between motorized 15 vehicles based on crash data and collision diagrams. 16
The first step involved revising the crash data and collision diagrams to select the variables that seemed 17 most useful to develop a crash location typology. The main focus of this review was on the pre-crash 18 movements of the involved road users. The selected variables of the initial review were used to build a 19 preliminary crash location typology, which was modified by adding and deleting variables until the final crash 20 location typology scheme, as depicted in figure 2, was produced. This typology is applicable for crashes 21 between motorized road users, between motorized and vulnerable road users and between vulnerable road users. 22
The southern intersection approach in figure 1 was used as analysis unit. Each crash was localized by 23 starting from this intersection approach. The road user who makes the pre-crash maneuver/movement always 24 approaches the intersection from this side. The maneuvering road user is based on the schematic representation 25 of the crash in the collision diagrams. 26
The final crash location typology includes the number of road users involved in the crash, the location 27 of the impact point, the relative pre-crash orientation of the road users and the movement of the road user who 28 makes the maneuver. Figure 2 provides an overview of the typology. The crashes were first split according to 29 whether the road user was involved in a crash with only one or multiple road users (step 1). These two groups 30 were then divided based on whether the crash took place before, after, at the intersection plane or at the bypass 31 (step 2). Multi-road user crashes were split into three categories: road users approaching each other from the 32 same direction prior to the crash, road users approaching from opposite directions and road users approaching 33 on crossing paths (step 3). Subsequently, the single-and multiple road user crashes were further split according 34 to whether the maneuvering road user was moving straight ahead or attempted to make a left-, right-or U-turn 35 (step 4). Finally, the resulting subgroups were assigned to the crash location expressed as segments 1-13 in 36 figure 1 (step 5). Steps 4 and 5 are combined in figure 2 for visualization purposes. 37 
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Crash Data Analysis
Several studies previously applied logistic regression analysis to test the influence of traffic crash risk factors 4 (29-33). In this study the occurrence of certain dominant crash types at signalized intersections can be 5 considered as a binary response variable. Therefore, logistic regression analysis was used to predict the 6 probability of a certain event. This analysis also allows to test the relation between the dominant crash types and 7 their crash location on the signalized intersection. The structure of the fitted logistic regression models was the 8 following (34):
where P is the probability of dominant crash types, x n is the independent variable and β n are the partial logistic 11 regression coefficients. 12
The odds of each dominant crash type were defined as the probability of this specific dominant crash 13 type occurring divided by the probability of all other signalized intersection crash types occurring. Odds ratios 14 (OR = Exp( )) were calculated to determine the rate of decrease (0 ≤ OR < 1) or increase (OR > 1) of the 15 probability of the outcome when the value of the independent variables increases with one unit (35). Firth's 16 penalized maximum likelihood was applied to overcome the most common convergence failure in logistic 17 regression, namely the problem of quasi-complete separation (34,36). The logistic regression models were 18 developed by the use of the LOGISTIC-procedure in SAS 9.3 and the variables identified in the literature as 19 having a significant impact on signalized intersection crashes were added first. Crash reports with missing data 20
were omitted from the models resulting in 1295 complete crash records. The model fit was assessed with the 21
Hosmer and Lemeshow test which indicates if the final model provides a better fit than the null model. If the 22 chi-square goodness-of-fit is not significant at CI 95%, the model has an adequate fit. Since this statistic, gives 23 no indication of the error reduction of the final model, Nagelkerke's R² was also used. The Variance Inflation 24
Factor (VIF) was used to identify multicollinearity between the predictor variables. According to O'Brien (37), 25 VIF's higher than 4 indicate a high correlation between variables. Since all variables in the end models had 26 VIF's below this threshold there are no multicollinearity issues in the presented models. 27 28 RESULTS 29 30
Descriptive Statistics 31
All crashes within 100m from the center of the intersection were included in the analysis to ensure that all 32 crashes related to the signalized intersection are incorporated in the dataset. Descriptive statistics of the crash 33 data are presented in Table 1 . The registered crashes at the study locations were mostly injury crashes (53%, 699 34 out of 1295). The variable "Segment" indicates that most crashes occur in segments 1, 2 and 4 before the 35 intersection plane and on segment 6 of the intersection plane where left turning traffic conflicts with oncoming 36 vehicle streams. Segments 11-13 on the bypass seem to be less prone for crashes. This may be due to the small 37 share of signalized intersections with a bypass (N = 29) in the police data. 38
The crashes were categorized into six different crash types: rear-end, head-on, sideswipe, single-39 vehicle, pedestrian and side crashes. Three main crash types can be considered as the dominant crash types -40 rear-end, side crashes (left-turn + right-angle crashes) and head-on crashes -since they accounted for 77% of 41 the signalized intersection crashes. In general, these three crash types typically take place between motorized 42 road users. This is also the case in this study since respectively 96%, 74% and 85% of the involved roads users 43 in rear-end, side and head-on crashes were motorized road users. Unlike pedestrians, no separate crash type was 44 developed for cyclists, since the action radius of cyclists is larger than for pedestrians. Therefore, the 150 45 registered cyclist crashes were divided over the six defined crash types. The majority of cyclist crashes were 46 side (71%) and head-on collisions (14%). The other crash types -single-cyclist (5%), rear-end (8%), pedestrian 47 (1%) and sideswipe crashes (1%) -occurred less frequently. 48 Table 2 presents the factors that influence dominant signalized intersection crash types. These models present 4 the factors that affect the probability that one of these dominant crash types occur. The dependent variable was 5 the probability that a specific dominant crash type occurred over the entire five-year period from 2007-2011. 6 The results show that the probability of an injury increases in case of side crashes, head-on crashes and 7 crashes with vulnerable road users while single-vehicle crashes result significantly less in injury crashes. The 8 injuries are also more severe in crashes involving vulnerable road users. 9
The crash types seem to be related to certain signalized intersection segments. Injury crashes are more 10 likely on segments 4, 5 and 6, being the segments on the intersection plane than on segments 3, 10 and 13. 11
Crashes before the intersection plane (segments 1-3) and on the bypass (segments 11-13) are more likely rear-12 end crashes than crashes on and after the intersection plane (respectively segments 5-6 and segments 7 and 10). 13
Side crashes are more likely on the intersection plane (segments 4-8) than before (segments 1-3) and after the 14 intersection plane (segment 10). Crashes on the intersection plane (segments 4-6) are also more likely head-on 15 crashes than crashes before the intersection plane (segments 1-2). The probability for crashes with vulnerable 16 road users is higher on the crossing facilities after the intersection plane (segments 7-8) and on the bypass 17 (segment 12) than before (segments 1-3) and on the intersection plane (segments 5-6). 18
The type of left-turn signal phasing also influences the probability of certain dominant crash types. 19
Injury crashes are less likely at intersections with protected-only and protected/permitted signal phasing 20 (compared with the standard permitted signal phasing). Rear-end, head-on and vulnerable road user crashes are 21 less likely at signalized intersections with protected-only signal phasing. Vulnerable road user crashes are also 22 less likely at signalized intersections with protected/permitted signal phasing while the probability of rear-end 23 crashes increases. The odds of head-on crashes seem to non-significantly decrease at signalized intersections 1 with protected/permitted signal phasing. 2 Moreover, the signalized intersection layout affects the odds of certain dominant crash types. The 3 probability of an injury crash decreases at signalized intersections with an exclusive lane for right turning traffic 4 and rear-end crashes appear to be more likely at signalized intersections with 3 arms. Furthermore, rear-end and 5 vulnerable road user crashes appear to be less likely at signalized intersections with two lanes while vulnerable 6 road user crashes also are significantly more likely at signalized intersections with three lanes. Rear-end and 7
head-on crashes are less likely at signalized intersections with medians. 8
Side crashes are more likely at signalized intersections located inside built-up areas while the 9 probability of head-on crashes decreases. 10
Furthermore, injury crashes are less likely at 50 km/h intersections (compared with 70 and 90 km/h 11 intersections) while vulnerable road user crashes are more likely at 50 km/h intersections and less likely at 70 12 km/h intersections (compared with 90 km/h intersections). Crashes with vulnerable road users also appear to be 13 more likely at signalized intersections where cycle traffic is mixed with motorized traffic. 14 Enforcement cameras at signalized intersections also appear to affect certain crash types since the 15 presence of a red light camera decreases the probability of side, head-on and vulnerable road user crashes.
16
The results of the logistic regression models were not able to reveal all characteristics of the dominant 17 crash types. No meaningful models could be fit for sideswipe (N=121) and single-vehicle crashes (N=130). and on/near the bypass (segments 10-13) for red light camera signalized intersections while non-red light 28 camera signalized intersections are characterized by significantly more crashes at segment 1 before the 29 intersection and segments 4-9 on and after the intersection ( (12, N = 1295) = 57.940, p<0.0001)). 30 31 b Side crashes consist of the left-turn and right-angle crashes; c VRU crashes: crashes in which at least 1 cyclist, motorcyclist, moped rider or pedestrian is involved. *** p≤0.01 (significant at 99% CI); ** p≤0.05 (significant at 95% CI); * p≤0.10 (significant at 90% CI); ° p>0.10 (not significant at 90% CI)
The present study used an in depth crash location approach based on crash data and collision diagrams to 2 analyze crash patterns at signalized intersections. The collision diagram information has proven to be essential 3 and valuable for this purpose since these diagrams do not only allow to define dominant crash types but also 4
show the pre-crash maneuvers and provides detailed information about the crash location on the signalized 5 intersection. This crash location information was used to define 13 detailed signalized intersection segments 6 which enabled to categorize the crash locations. This crash location approach in combination with the 7 identification of dominant crash types and causal crash factors provides valuable insights in the nature of 8 signalized intersection crashes and the safety impact of signalized intersection design. 9
Six crash types are identified of which four can be regarded as dominant signalized intersection crash 10 types: rear-end, side, vulnerable road user and head-on crashes. These results are more or less in line with 11 existing literature (5-8) but they identified sideswipe instead of head-on crashes as the fourth dominant crash 12 type. Except for rear-end crashes, these crash types are also characterized by higher than average crash severity 13 levels. Single-vehicle crashes also appear to result in less injury crashes. Since more trucks are involved in this 14 crash type (X² (1, N = 2652) = 4.338, p = 0.037), the lower crash severity levels can be accounted for by the 15 higher mass of trucks which protects the truck driver from serious injuries. 16
In addition, the results show that the crash location is related to certain signalized intersection 17 segments. Rear-end collisions mostly occur on the entry lanes (segment 1-3) , possibly indicating differences in 18 braking behavior between road users due to conflicting decisions in the dilemma zone. This relation between 19 crash type and crash location on the intersection is supported by the results of another study (38) which 20 indicated that rear-end crashes are the most common crash type at signalized intersections since the diversity of 21 actions taken increases due to signal change. Inattentive driving of following drivers, differences between 22 vehicles in braking performance and following too closely at the time of a signal change are identified as 23 specific causes of rear-end crashes (39-41). As rear-end crash occurrence is related to a signal change, the 24 presented crash pattern on the entry lanes is plausible since drivers need to be confronted with the traffic signals 25 in order to make a conflicting decision which can result in a rear-end crash. The bypass is also prone to more 26 rear-end crashes which can be caused by drivers yielding to vulnerable road users on the crossing facility 27 (segment 12) or stopping to find a gap to merge with the oncoming traffic (segment 13). Since both situations 28 result in braking movements, differences between drivers' braking performance and inattentiveness also result 29 in more rear-end crashes at these locations. Given this crash pattern, signalized intersections should be designed 30 to be sufficiently conspicuous. The visibility of the intersection and/or traffic signals should be improved for 31 approaching drivers to increase their awareness. Improvements in signal coordination and optimization of 32 change intervals also lead to a decrease in rear-end crashes (8). Segments 4-6 are dominated by side and head-on 33 crashes. Possibly, these crashes are the result of red light running drivers approaching the intersection from 34 opposite directions, loss of control or left-turning vehicles that are not yielding to oncoming vehicles during the 35 permissive phase. In their observational study, Gstalter & Fastenmeier (20) found that drivers make most errors 36
when turning left at a signalized intersection. Therefore, driver errors can be related to the crashes in segment 6. 37
This emphasizes the importance of clear road design concepts that are easily understandable for road users, the 38 so-called self-explaining roads. Since these crashes take place between crossing road users or road users 39 approaching each other from opposite directions it is expected that they occur on the intersection plane. It is 40 well-known that these crashes are above all the result of red-light running or unprotected left-turn phasing. As a 41 result, possible countermeasures include the implementation of protected left-turn phasing and red light cameras 42 even though the latter measure gives rise to increases in rear-end crashes. Additional measures such as 43 improvements in sight distances, signal coordination and change intervals also result in less head-on and side 44 crashes (8). Side crashes between vehicles and crossing cyclists and mopeds also characterize segments 7 and 8. 45 Crossing the signalized intersection after the intersection plane and on the bypass seems to be more dangerous 46 for vulnerable road users since they prevail in crashes at segments 7, 8 and 12. In general, motorists are more 47 focused on other motorists than on vulnerable road users. Most likely, this aspect played a role in these crashes. 48
Furthermore, conflicts between vulnerable road users and motorized vehicles still occur frequently at signalized 49 intersections when they are not fully protected by the signal phasing (i.e. vulnerable road users have the same 50 green phase as turning traffic). As such, potential countermeasures for vulnerable road user crashes include the 51 implementation of protected phasing for VRUs at the crossing facilities and improved visibility for drivers 52 approaching the crossing facilities. 53
The type of signal phasing influences the proportion of certain crash types. In line with previous studies (13,14), red light cameras at signalized intersections are associated with 7 lower proportions of side and vulnerable road user crashes. The presence of red light cameras also gives rise to 8 fewer head-on crashes since these cameras prevent red light running. However, -tests also indicated that red 9 light cameras result in adverse effects since they lead to increases in the number of rear-end crashes. Probably, 10 red light cameras cause drivers to brake more abruptly in the dilemma zone since red light cameras lead to 11 higher stopping propensities (42). As a result, conflicting decisions in the dilemma zone have a higher chance to 12 lead to rear-end crashes. 13
The presence of a median results in a lower proportion of head-on crashes. Another study (12) also 14 indicated that a median prevents vehicles from crossing into the path of oncoming traffic leading to less head-on 15 crashes. Speed limits are significant for the proportion of injury crashes with an indication that higher speeds 16 lead to a higher crash severity. Similar to Steinman and Hines (43), the proportion of vulnerable road user 17 crashes is also affected by the speed limit at the signalized intersection. 18
At signalized intersections where cycle traffic is mixed with motorized traffic, the proportion of 19 vulnerable road user crashes is higher. However, these differences in crash susceptibility may also be related 20 with different cyclist volumes at the cycle facilities. One limitation of the present study concerns the sample. The used sample of signalized intersections 26 (N=87) could be a somewhat biased representation of a larger (i.e. countrywide) signalized intersection 27 population in the sense that only intersections were included where at least one crash was registered for each 28 year and where detailed crash data were available for. A possible bias associated herewith is a slight 29 overrepresentation of intersections with higher numbers of crashes. However, the objective of the study was not 30
to make inferences about the performance of signalized intersections compared to each other, but to identify 31 crash types, locations and factors that are associated with signalized intersection crashes. The collected sample 32 of 1295 complete crash records can considered to be valid for that purpose. 33
The next issue deals with the accuracy of the crash allocation. The crash location typology used to 34 allocate the crashes to the different segments is based on simplified rules. By following this typology, the 35 allocation of the crashes to the different segments does not fully correspond to the actual location of the crash. 36
Despite this inconsistency, the allocation is still quite accurate since the typology is based on the impact point, 37 the pre-crash orientation of the road users and the maneuver that the road users make (i.e the most important 38 characteristics to reconstruct a crash). The objective of the study was not to duplicate an exact replica of each 39 crash location but to provide insights in the crash patterns of dominant signalized intersection crashes. The 40 developed crash location typology is assumed to be valid for this purpose since the reported crash location in the 41 collision diagrams may also slightly deviate from the actual crash location. To assure a consistency of 100% in 42 both crash locations, advanced in-depth crash research such as crash reconstruction techniques are required. 43
Since most police zones in Belgium are not familiar with these techniques, the results are not greatly affected by 44 this variation. 45 Another point of discussion is the cross-section design of the study. According to Hauer (44), causality 46 cannot be reliable inferred from cross-section designs since cross-section studies compare intersections with a 47 certain characteristic with other intersections with another characteristic. Therefore, this study design lacks the 48 continuity that the intersection remains the same. Therefore, the possibility of confounding factors between the 49 different intersections is not eliminated since this requires information about why a certain characteristic is 50 present at one intersection and is absent at another (44). Since this information is often not available and 51 difficult to account for but is required to draw cause-effect conclusions from cross-section data (44), the 52 presence of a correlation between the proportion of crashes (the dependent variable) and certain intersection 53 characteristics (the independent variables) is not sufficient to conclude that there is a causal relationship between 54 both variables. 55
Finally, traffic flow count data were only available for 54 of 87 signalized intersections. Previous 1 studies indicated that AADT (26,45,46) is a critical variable for crash analysis. However, this only applies to 2 studies which aim to explain the variation in road safety performance of a sample of locations by identifying the 3 influence of design characteristics on the level of safety. The focus of this study is to explore the crash location 4 of dominant crash types at a typical signalized intersection. To fulfil this objective, crash data of intersections 5 with missing AADT can be used since AADT as such is not a crucial variable to define the crash location. 6
Because, this study does not predict crashes but merely explores available crash data by delineating the crash 7 location on the signalized intersection itself, the lack of AADT does not present any analysis issues. 8
An important advantage of the crash location approach is the generalizability. The presented approach 9 is based on a sort of 'maximal design', representing a typical signalized intersection lay-out with some extra 10 features that are not necessarily always present but are quite common. Since, the intersection layout and 11 characteristics may vary the approach can easily be adjusted to different designs and locations by tailoring the 12 segments to the specific intersection or location layout in question and by adding the inherent characteristics that 13 play a role in the crashes to the typology. For example, if researchers want to study the safety difference 14 between signalized intersections and signed intersections (i.e. controlled with stop or yield signs), they can 15 simply add this feature to typology. 16
This approach is also a useful context for exploring intersection safety since it combines crash data 17 with collision diagram information. As such, this method combines basic in-depth crash analysis with the 18 benefits of aggregated crash analysis leading to more reliable quantitative analysis. As a result, a more detailed 19 insight is gained in the development and occurrence of crash types by relating crash occurrence with design 20 characteristics of the signalized intersection. This insight is needed to assess the safety impact and possible 21 safety issues of this intersection design which is necessary to select the appropriate countermeasure to decrease 22 crashes. 23 24 CONCLUSIONS 25
The main goal of this study was to identify and analyze dominant crash types at signalized intersections by 26 taking detailed information on the crash location into account. Some connections between certain signalized 27 intersection crash types, their crash location and signalized intersection design characteristics have been found: 28  Four dominant crash types occur at signalized intersections: rear-end, side, vulnerable road user and 29 head-on crashes. Except for rear-end crashes, these crash types are also characterized by higher than 30 expected crash severity levels.
31
 The crash location of these dominant crash types is related to specific signalized intersection segments: 32 rear-end crashes occur mostly before the intersection or on the bypass, side and head-on crashes take 33 mostly place on and near the intersection plane while vulnerable road user crashes occur predominantly 34 at the crossing facilities after the intersection plane or on the bypass. 
